ABSTRACT We have applied tethered particle microscopy (TPM) as a single molecule analysis tool to studies of the conformational dynamics of poly-uridine(U) messenger (m)RNA and 16S ribosomal (r)RNA molecules. Using stroboscopic total internal reflection illumination and rigorous selection criteria to distinguish from nonspecific tethering, we have tracked the nanometer-scale Brownian motion of RNA-tethered fluorescent microspheres in all three dimensions at pH 7.5, 22°C, in 10 mM or 100 mM NaCl in the absence or presence of 10 mM MgCl 2 . The addition of Mg 21 to low-ionic strength buffer results in significant compaction and stiffening of poly(U) mRNA, but not of 16S rRNA. Furthermore, the motion of poly(U)-tethered microspheres is more heterogeneous than that of 16S rRNA-tethered microspheres. Analysis of in-plane bead motion suggests that poly(U) RNA, but less so 16S rRNA, can be modeled both in the presence and absence of Mg 21 by a statistical Gaussian polymer model. We attribute these differences to the Mg 21 -induced compaction of the relatively weakly structured and structurally disperse poly(U) mRNA, in contrast to Mg 21 -induced reinforcement of existing secondary and tertiary structure contacts in the highly structured 16S rRNA. Both effects are nonspecific, however, as they are dampened in the presence of higher concentrations of monovalent cations.
INTRODUCTION
RNA is a negatively charged biopolymer that fulfills a central functional role in all aspects of cellular gene expression (for some recent reviews, please see Noller (1), Zamore and Haley (2) , and Moore (3)). Among its many capabilities, it is a pliable informational biomolecule that carries the genetic code en route from the genome to the protein-making machinery in the form of messenger (m)RNA, and as ribosomal (r)RNA, it catalyzes the peptidyl transferase reaction necessary for peptide synthesis within the ribosome (1, 4, 5) . An impressive variety of secondary and tertiary structures are adopted by RNA to carry out such diverse functions, considering its limited repertoire of four nucleobase side chains (reviewed in Leontis and Westhof (6) ). The versatility of RNA lies in its ability to rapidly transform from a disordered extended chain into a compact, correctly folded structure. Solving the conundrum of how it overcomes the associated RNA folding problem requires understanding how the strong repulsion of the negatively charged backbone phosphates is overcome (7) .
RNA binds monovalent and divalent cations that neutralize the backbone phosphate charges and are required for proper folding (reviewed in (8) (9) (10) (11) ). In general, RNA folding is aided by association with monovalent cations such as Na 1 or K 1 , which screen backbone charges and promote basepairing. In addition, binding of divalent cations, usually Mg 21 , is thought to be required for the formation of specific tertiary contacts. Kinetic ensemble folding experiments have demonstrated that large structured RNAs often undergo a fast compaction step after a secondary structure is adopted but before a stable tertiary structure is formed (12) (13) (14) (15) . Such electrostatic relaxation requires high concentrations of monovalent cations often in excess of 100 mM (12) to effect charge neutralization or ;10-to 100-fold lower concentrations of Mg 21 (13) . A large structured RNA that has been of particular interest in recent years is 16S rRNA, a highly conserved 1542-nucleotide RNA molecule that comprises the bulk of the small (30S) ribosomal subunit in bacteria (Fig. 2) . With multiple reports of ribosomal crystal structures in recent years, it has become important to understand the assembly process of the ribosomal subunits that ultimately form the complex protein biosynthesis machine. The order of assembly of ribosomal 30S subunit proteins on ''naked'' 16S rRNA in vitro has been known for decades (16, 17) . Conformational changes in portions of 16S rRNA have been studied both in isolation and in the presence of protein ligands (18) (19) (20) , yet little is known about the global structural properties of the naked 16S rRNA polymer, which represents the binding scaffold for the first layer of ribosomal proteins.
In this study, we have applied tethered particle microscopy (TPM), a single molecule technique which is emerging as a valuable tool, to the study of two conformationally distinct RNA molecules, poly(U) mRNA and 16S rRNA. More specifically, we have observed the Brownian motion of a microsphere attached to the end of a single immobilized RNA molecule at varying ionic strength ( Fig. 1) and have analyzed the bead motion to reveal information about the folded state of the RNA tether. TPM previously has been used to measure the rate of repressor-induced loop formation and breakdown in DNA (21) to characterize the relationship between the kinetics of transcription to rates of single polymerase molecules (22) and to study the strength of DNAprotein interactions (23) . Recently, TPM has been extended to RNA; protein synthesis by single ribosomes has been observed via microspheres attached to poly(U) mRNAs (24) . However, to our knowledge, the utility of this method for observation of metal ion induced RNA compaction and folding has not before been tested. A single molecule approach such as TPM has the advantage over bulk solution methods in that it allows for the observation of individual molecules instead of an averaged ensemble, so that it can resolve potential heterogeneity in the folding pathway among a population of molecules. Recently, single molecule fluorescence resonance energy transfer has proven to be a powerful technique in the study of RNA tertiary structure formation (reviewed in (25) (26) (27) ). TPM complements FRET in the characterization of the folding of large RNAs since FRET methods are generally limited to probing distances of ,10 nm (25) (26) (27) (28) (29) (30) (31) .
Employing TPM, we observe a slight attenuation of motion upon addition of Mg 21 to beads tethered by Escherichia coli 16S rRNA under low-ionic strength conditions (10 mM Na 1 ). We observe a much more pronounced Mg 21 -induced effect for beads tethered by less structured poly(U) mRNA, implying that this RNA undergoes a larger degree of compaction upon addition of divalent cations. These data confirm that Mg 21 efficiently promotes collapse of our representative RNA molecules into a more rigid and compact form, irrespective of a defined tertiary structure, and corroborate evidence from bulk solution biophysical methods, suggesting that large RNAs experience global collapse before specific tertiary structure is formed (15) . In addition, we observe that the degree of motion for poly(U) tethered microspheres is much less homogeneous than that of their 16S rRNA-tethered counterparts, both in the absence and presence of Mg 21 . This suggests that the defined secondary (and tertiary) structure of 16S rRNA, as compared with poly(U) mRNA, generally dictates a more homogeneous global fold, giving rise to more uniform tethered bead behavior. These observations are consistent with a high number of degrees of freedom afforded by poly(U), which results in a large conformational space of transient hydrogen bonds and base stacking interactions between sequentially remote regions of the mRNA. These interactions, which are likely to be different from molecule to molecule, are stabilized by the presence of Mg 21 and thus give rise to the heterogeneous behavior of poly(U)-tethered beads. Spring constants derived from the energy profiles of bead displacement show that, in general, the poly(U), but not the 16S rRNA tethers become significantly stiffer upon Mg 21 -induced compaction. Finally, we find that poly(U) mRNA, but less so 16S rRNA, can realistically be modeled both in the presence and absence of Mg 21 by a simple Gaussian polymer model (32, 33) .
MATERIALS AND METHODS

RNA purification and labeling
16S rRNA was purified from whole E. coli ribosomal RNA (Boehringer, Mannheim, Germany) by electrophoresis using a denaturing 4%, 8 M urea, polyacrylamide gel. Poly(U) mRNA (Sigma, St. Louis, MO and Midland, TX) ranging in size from ;600 nt to 6000 nt was also separated by molecular weight on such a gel. An RNA ladder (Promega, Madison, WI) was loaded on the gel adjacent to the poly(U) mRNA to allow for size discrimination. All RNA bands were visualized with ethidium bromide staining, and the proper bands were excised and crushed. Five narrow size ranges of poly(U) mRNA were obtained from gel fractionation: 1.0-1.2 kilobases (kb), 1.4-1.9 kb, 1.9-2.6 kb, 3.6-5.0 kb, and .5.0 kb (the upper limit of this RNA sample varied from lot to lot but was unlikely to contain RNA longer than ;10,000 nt). The RNA was eluted from the gel fragments in buffer (0.5 M ammonium acetate, 0.1% sodium dodecyl sulfate (SDS), 1 mM EDTA) overnight at 4°C while tumbling. The eluted RNA was chloroform extracted to remove SDS and was subsequently ethanol precipitated.
The recovered RNA fractions were 59 end labeled with fluorescein via a two-step reaction as described (34) . More specifically, the 59 phosphate was reacted with EDC (1-ethyl 3-(3-diethylaminopropyl) carbodiimide) and carbohydrazide (to create a strong nucleophile for the coupling with 5-fluorescein isothiocyanate (5-FITC)) under the following reaction conditions: 10 mM MgCl 2 , 50 mM NaCl, 18 mM carbohydrazide, 5.2 mM EDC, and 72 nM 16S rRNA. The reaction was incubated at 10°C in the dark and ethanol precipitated. In the second step, the RNA was resuspended in 100 mL of 70 mM HEPES-KOH, pH 7.0, 10 mM MgCl 2 , 30 mM NaCl; 5-FITC was added to a final concentration of 10 mM. The reaction was incubated at 22°C for 3 h and subsequently phenol extracted. The RNA was again ethanol precipitated.
Next, the RNA was 39 end labeled with biotin in another two-step reaction (34) . First, RNA was dried and resuspended in 100 mL of oxidation buffer consisting of 10 mM HEPES-KOH, pH 7.5, 1 mM MgCl 2 . After the addition of potassium periodate (KIO 4 ) to a final concentration of 6.14 mM, the reaction was incubated at 0°C for 20 min. This reaction converts the FIGURE 1 Schematic of RNA-tethered fluorescent microspheres in a shallow-penetrating evanescent field (shaded) generated by total-internal reflection fluorescence (TIRF) illumination. The fluorescent microspheres are streptavidin coated and bind tightly to the 39-biotinylated RNA tether. The 59 terminus of the RNA is fluorescein labeled and adheres to the glass substrate via goat anti-fluorescein IgG. Upon addition of magnesium ions and subsequent compaction of the RNA tether, the Brownian motion of the microsphere becomes attenuated.
vicinal 29 and 39 hydroxyls of the 39 terminal nucleotide into an electrophilic aldehyde functionality. The RNA was again ethanol precipitated and resuspended in 100 mL 50 mM sodium acetate, pH 5.0, in preparation for the second reaction. A total of 1 mL of a saturated biotin hydrazide solution in water was added and the reaction incubated at 0°C overnight. The RNA was then ethanol precipitated three times to remove excess biotin.
Preparation of flow chambers and TPM samples Two 1.1-mm holes were drilled into a glass microscope slide and the slide was subsequently rinsed with methanol. Tygon tubing was threaded through each hole, secured with epoxy resin, and trimmed to form the inlet and outlet ports of the flow cell. Double-sided sticky tape was mounted onto the surface of the slide, and a narrow channel was cut through the center to connect the two ports. Glass coverslips, previously washed with a 1:2 mixture of 30% (v/v) hydrogen peroxide and concentrated sulfuric acid, were rinsed and shaken for 1.5 h in a 0.00025% polyethylene glycol (10,000 Da) solution at room temperature. After drying, the coverslips were adhered to the surface of the tape, creating a fully enclosed channel subsequently sealed with epoxy resin on all sides.
Antifluorescein IgG was immobilized on the surface of the coverslip by pushing dilute (0.05 mg/mL) antibody stock solution (;30 mL) through the inlet tube and incubating at room temperature for .3 h, after which the flow channels were flushed with phosphate-buffered saline, pH 7.4, and a 1:20 diluted blocking solution (Block Aid, Molecular Probes, Eugene, OR). A total of 200 mg of unlabeled poly(U) mRNA (Sigma) was added to the blocking solution to suppress a small residual RNase activity found in Block Aid (D. Möll and P. Guo, Purdue University, 2003, personal communication). The blocking mixture was allowed to incubate in the flow cell for .1 h. In parallel to this antibody immobilization, microspheres were tethered to RNA in the following way. A total of 0.56 mM green-yellow fluorescent streptavidin-coated polystyrene beads (Bangs Laboratories, Fishers, IN) were washed in TE-NaCl buffer (10 mM Tris-HCl, pH 7.5, 1 mM EDTA, and 10 mM NaCl or 100 mM NaCl (depending on desired experimental conditions)) and sonicated to prevent aggregation; labeled biotinylated RNA was added to the bead suspension to a final concentration of .1 nM and tumbled at room temperature for ;3 h. The bead solution was then injected into the flow chamber and tumbled overnight at room temperature in the dark.
TPM data collection
Objective-type total internal reflection fluorescence (TIRF) illumination with stroboscopic excitation was used to generate an evanescent field on the bottom surface of the flow cell, as described (35) . Briefly, backward-propagating fluorescence emission was focused onto a Photometrics (Tuscon, AZ) Cascade 650 charge-coupled device camera (CCD) (each pixel corresponds to 91 nm 3 91 nm) and images were captured using WinSpec32 software. Data were recorded at 22°C with a frame rate of 10-100 Hz, depending on the size of the region of interest. Before data collection, TE-NaCl buffer (10 mM Tris-HCl, pH 7.5, 1 mM EDTA, and either 10 mM NaCl or 100 mM NaCl, depending on desired background monovalent cation conditions) was pushed through each cell to flush out free-floating microspheres. After proper focus was attained, ;40 s of video were collected for a chosen field of view with several tethered beads. Then, buffer was exchanged and data collected on the same field of view so that the same tether could be observed under different Mg 21 concentrations. For all data presented in this study, the high Mg 21 concentration buffer consisted of sterile-filtered Tris-HCl buffer, pH 7.5, 10 mM MgCl 2 , and either 10 mM or 100 mM NaCl, depending on the desired ionic strength for an individual experiment.
Data analysis
A suite of processing scripts was written in-house for use with MATLAB 6.0 software (MathWorks, Natick, MA) to analyze the acquired video files. For each selected microsphere, in-plane and out-of-plane positions were extracted. The penetration depth of the evanescent field was ;200 nm as calibrated using an optically trapped microsphere (35) ; z-position values, including standard deviation, are therefore expressed in nanometers. A moving-average was subtracted from all position measurements to correct for slow-scale drift and photobleaching. The filtered position data were used to calculate the standard deviation of the bead motion, the minimum and maximum excursion of the bead in the x-and y-dimensions, and the average in-plane distance of the bead from the anchor point. In addition, symmetry values sym p and sym i were calculated that represent ratios of the length of the major and minor axes of an ellipse described by the x-,y-position scatter plot and the bead image, respectively, as described (35) . A symmetry value of 1, corresponding to a perfect circle, is ideal. Time constants were computed from a single-exponential decay fit to the autocorrelation of the position data.
Nonspecifically and multiply tethered beads have been previously observed in TPM studies (36) . Microspheres that were likely to be tethered specifically by a single RNA molecule were therefore identified using the following selection criteria, as described (35): 1), minimum root mean square (rms) motion of 50 nm; this eliminates stuck beads and beads whose motion is severely restricted by multiple tethers; 2), averaged image symmetry value, sym i , ,1.5; this eliminates bead aggregates from the data set; this statistic required a relatively high threshold for selection because the microspheres themselves were often not perfectly spherical; and 3), number of dropped frames ,10% of total frames; this criterion eliminates beads from the data set that may not have good contrast with the background. These criteria were found to be useful in distinguishing true tethers from those interacting nonspecifically with the glass surface. As additional control, the position symmetry value, sym p , was computed; 81% of all data sets were found to have sym p values of ,1.5, indicating free Brownian motion of the tethered beads, and providing evidence for a single tether anchoring each of the microspheres (on average, sym p increased with tether length). The overall percentages of data sets identified as acceptable for each RNA tether length using the imposed selection criteria are reported in Table 1 . The same selection criteria were used for data collection at both magnesium chloride concentrations. For a given Mg 21 concentration, all microspheres that passed the selection criteria were included in the data analysis, although not all of the microspheres were observable at both concentrations.
RESULTS
Poly(U) mRNA undergoes largely nonspecific compaction and stiffening upon binding Mg 21 In aqueous solution, uridine is the nucleoside that is least likely to self-associate and stack (37) . Therefore, poly(U) is more likely than any other RNA sequence to adopt random coil configurations in solution rather than more defined single-stranded helices. The inherent bias of poly(U) toward a random coil makes it an excellent molecule to contrast with the highly structured 16S rRNA. To examine the physical properties of five different size ranges of poly(U) mRNA, 1.0-1.2 kb, 1.4-1.9 kb, 1.9-2.6 kb, 3.6-5.0 kb, and 5.0-7.0 kb (see Materials and Methods), the Brownian motion of fluorescent microspheres tethered to single RNA molecules was observed via nanometer scale position fluctuations of the attached beads under different ionic conditions. Based on an average rise of 4 Å per nucleotide in single-stranded helical RNA (38), we can expect the maximum length in solution of a poly(U) molecule from each of our size ranges to be ;480 nm, ;760 nm, ;1,040 nm, ;2,000 nm, and ;3,000 nm, respectively. Indeed, we find our RNA tethers to be considerably shorter; the raw x-position data as a function of time for a typical bead tethered by a 5.0-7.0 kb poly(U) mRNA molecule is shown in Fig. 3 a. A histogram of these data is shown in Fig. 3 b with a Gaussian function fit to the data distribution, consistent with a stochastic nature of the bead fluctuations (39) . A scatter plot of y-as a function of x-position (Fig. 3 c) finds a symmetric distribution of the position about the center of the plot. The value for the position symmetry statistics, sym p (see Materials and Methods), approaches 1.0, the ideal value for a bead anchored to the substrate at a single point, and demonstrates that the microsphere is likely tethered by a single RNA molecule (40) . In addition, energy profiles (in units of k B T, where k B is the Boltzmann constant and T is the temperature), as derived from Boltzmann statistics
are shown for the representative particle in Fig. 3 d. These symmetric energy profiles demonstrate that the bead motion is bound by a harmonic potential, which again is consistent with a single anchoring point for the tether. Spring constants, k, in pN/mM, were extracted from quadratic fits of the energy potentials (35) and are discussed below.
To measure the Mg 21 -induced degree of compaction of the poly(U) mRNA, flow chambers that allow for exchange of the buffer environment were used so that the same tethered bead could be observed under different magnesium ion concentrations. The observation of a single tether under different solution conditions ensured that any Mg 21 -induced variations were attributable to changes in the structure or dynamic properties of the RNA tether and not induced by bead-to-bead or sample-to-sample variations. In general, the addition of 10 mM MgCl 2 resulted in a decrease in the rms translational motion of the bead (labeled ''rms,'' Fig. 3 a) . This can be observed as a narrowing of the Gaussian profile of the position data (Fig. 3 b) and a comparatively smaller diameter for the circle described by the x-,y-scatter plot (Fig. 3 c) . Microspheres were also observed after the addition of 100 mM Mg 21 , but higher levels of magnesium did not induce further compaction (data not shown). For simplicity, single molecule TPM data are grouped into two categories for each poly(U) size range, 0 mM and 10 mM Mg 21 . General trends in the motion observed for the beads tethered by poly(U) mRNA are summarized in Table 2 and as histograms of average rms motion for each poly(U) group in Fig. 4 . We observed a relatively broad range of x-,y-rms motion values for each poly(U) size group at 0 mM Mg 21 , indicating that the behavior of the RNA tethers is heterogeneous over the population. The range of rms values observed at 0 mM Mg 21 , but not the mean, was found to be correlated with the tether length; this may be related to the increasingly heterogeneous behavior among longer poly(U) tethers. Furthermore, for each size group, the range of rms values as well as their mean generally decreases with the addition of 10 mM Mg 21 . Mg 21 -induced compaction of the poly(U) mRNA was also observed through analysis of relative motion of attached microspheres in the z-dimension, as possible through TIRF illumination and evaluation of fluorescence fluctuations due to varying excitation depths within the evanescent field, which rapidly decays with distance from the substrate surface (35) . Plots of the standard deviation in z-position as a function of rms motion in the x-,y-dimensions for representative poly(U) length ranges at 0 mM Mg 21 and 10 mM Mg 21 demonstrate that, in general, the x-,y-rms motion decreases more with the addition of metal ions than the corresponding z-standard deviation does (data not shown). This indicates that in these experiments, the x-,y-position information is more sensitive to fluctuations in bead motion and is likely a more reliable indicator of tether end-to-end distance and thus, RNA conformation. Previous studies of DNA tethers have also shown increased sensitivity of in-plane bead motion as compared with out-of-plane position fluctuations (35) . These observations were attributed in part to the inability of the microsphere to penetrate the anchoring surface, which imposes an effective force on the tether (35) .
Whereas changes in x-,y-rms motion of an attached microsphere report on changes in length and overall volume of the An experiment performed at higher than standard monovalent cation concentration is indicated. Numbers in parentheses with an asterisk (*) denote the numbers of beads for which data were obtained at both Mg 21 concentrations.
FIGURE 2 Secondary structure of 16S rRNA from E. coli as determined by comparative sequence analysis (68) .
tether, time constants (t) obtained from autocorrelation analysis of the bead's translational motion reveal information concerning the dynamic properties of the RNA. More specifically, time constants describe the rate of motion of the harmonically bound particle in its viscous environment. Theoretical models predict that, for a bead-and-spring system such as ours, dynamic behavior of the tether may either be dominated by the bead, the polymer (RNA, in our case), or both (39) . The time constant can be expressed as a function of polymer length (N) and relative size of the tethered particle (s), where
and k is the spring constant of the polymer. Since the volume of the bead in our system is very large relative to that of the RNA, the frictional coefficient for the bead motion through the solvent (z9) will contribute significantly to the overall friction coefficient of the tether construct and thus significantly affect the relaxation time constant (t). However, according to the theoretical model described by Qian and Elson (39) , which takes into account the relative size of the bead, the RNA tethers used in our study consist of a large enough number (N) of nucleotides (or segments, each with frictional coefficient z) to affect t-values significantly as well. Using Stokes law,
where R S is the Stokes radius of the particle (0.23 mm) and h is the viscosity of the buffer (;0.001 Ns/m 2 for an aqueous solution at 22°C), we may calculate the frictional coefficient of the bead in our system to be ;4.7 3 10 ÿ9 . Using this number, and t, k, and N-values for the data set shown in Fig.  3 with 0 mM Mg 21 , we solve for the frictional coefficient of the RNA nucleotide segment and find that z 1.7 3 10 ÿ12 . Considering that the RNA is composed of ;5000-7000 such segments, we find that the frictional forces of the bead and the RNA polymer have comparable effects on relaxation of the coupled system. Our t-values, therefore, fall within the regime where contributions from both the bead drag and the polymer are significant and relaxation times may be used to infer dynamic properties of the RNA. Fig. 5 a shows a typical autocorrelation plot for raw x-position as a function of time for a representative poly(U) 1.9-2.6 kb bead at 0 mM and 10 mM Mg 21 . The autocorrelation function falls much more rapidly to zero for the 10 mM Mg 21 than the 0 mM Mg 21 data set. Such plots for each particle were fit with single exponential decay functions; the time constants extracted from the fits describe the relaxation time of the bead. 21 , the time constants are approximately linearly proportionate to the x-,y-rms motion values; that is, we find time constants extracted from the autocorrelation plots at low ionic strength to increase with the rms values, demonstrating that relaxation properties are at least partially defined by RNA tether length. By contrast, this proportionality between time constants and x-,y-rms motion values is lost at 10 mM Mg 21 . Fig. 5 c shows that the relaxation time constants are considerably shorter in the presence of divalent cations, indicating that addition of Mg 21 accelerates tether relaxation. A complementary approach is to approximate the poly(U) mRNA tether as a linear spring characterized by a spring constant k, which is defined by the entropic elasticity of the RNA tether; the elasticity in turn depends on the flexibility and length of the tether (39) . Spring constants extracted from the fits of the energy profiles for individual molecules (as represented in Fig. 3 b) indicate that the elasticity of poly(U) mRNA changes upon compaction. For example, the 5.0-7.0 kb poly(U) tether shown in Fig. 3 yields spring constants (extracted from the quadratic fit of the energy profile) of 0.025 6 0.004 pN/mm and 0.125 6 0.010 pN/mm at 0 mM and 10 mM Mg 21 , respectively. Such stiffening must contribute to the observed differences in the in-plane bead relaxation time constants at 0 mM and 10 mM Mg 21 . Although this stiffening upon Mg 21 addition is observed for all poly(U) size ranges (see, for example, the 1.4-1.9 kb poly(U) data in Fig. 5 c) , additionally the time constants increase with the extent of x-,y-rms motion (Fig. 5c) , suggesting that they are also at least partially influenced by the length of the RNA tethers.
To test whether the compaction observed in the poly(U) tethers upon addition of Mg 21 is due primarily to an increase in ionic strength, or due instead to a divalent specific effect, we carried out additional TPM measurements in a high-ionic strength background of 100 mM instead of 10 mM NaCl, using long poly(U) tethers of 4.5-5.5 kb. Ionic strength (I) of a solution is given by the following relation:
where c i is the ion concentration and v i is the ion valency. The ionic strength of the low-salt and high-salt buffers, in the absence of Mg 21 , corresponds to I ¼ 5 mM and I ¼ 50 mM, respectively. Upon addition of 10 mM Mg 21 , these values increase to I ¼ 25 mM and I ¼ 70 mM, respectively. The general trends in the motion observed for the 4.5-5.5 kb RNA tethers in high ionic strength are summarized in Table 2 and plotted as histograms of average rms motion in Fig. 4 g. Both the range and mean of x-,y-rms values for these 4.5-5.5 kb poly(U) tethers in 100 mM NaCl (in the absence of Mg 21 ) are lower than the values found for their similarly sized (3.6-5.0 and 5.0-7.0 kb) counterparts in l0 mM NaCl and 0 mM Mg 21 ( Table 2 ), demonstrating that poly(U) mRNA undergoes similar compaction in the presence of higher concentrations of monovalent cations as it does in the presence of Mg 21 . This finding suggests that Na 1 can replace Mg 21 to a large extent and that cation binding is rather nonspecific. Consistent with this notion, tethers in 100 mM NaCl background undergo a relatively small compaction (;6% of total length) upon addition of 10 mM Mg 21 ( Table 2 , Fig. 4 f) , which corresponds to a 40% increase in ionic strength. This length change is significantly less pronounced than the analogous change in x-,y-rms motion (;15% of total length) observed for tethers in 10 mM NaCl background upon addition of 10 mM Mg 21 , a 500% increase in ionic strength (Table 2 , Fig. 4 e) . These data are consistent with previous observations that Mg 21 , by virtue of its divalent character, screens the negatively charged RNA backbone more efficiently than do monovalent cations (7,10,11,13), thus allowing anionic RNA to compact further.
16S ribosomal RNA is compact and stiff at low ionic strength in the absence of Mg 21 Data for 16S rRNA tethers were collected in an identical manner to those for poly(U) mRNA. Histograms summarizing average x-,y-rms motion values for 16S rRNA-tethered beads in 0 mM and 10 mM Mg 21 are shown in Fig. 4 g. We observe no significant narrowing of the distribution of rms motion values upon addition of Mg 21 . This is also reflected in Table 2 , where the vast majority of 16S rRNA-tethered microspheres demonstrate similarly small x-,y-, and z-motions before and after magnesium ion binding. This insignificant An experiment performed at higher than standard monovalent cation concentration is indicated. 21 conditions, respectively. The darker shaded portion of each bar (denoted by an asterisk (*)) represents the subset of total beads in that particular bin for which data were obtained at both Mg 21 concentrations. These histograms demonstrate that the range of motion for poly(U) mRNAtethered beads decreases with the addition of magnesium ions, whereas the range of motion for 16S rRNA-tethered beads largely remains unchanged. attenuation of the Brownian motion of the tethered beads demonstrates that there is very little change in the overall endto-end distance of single 16S rRNA molecules when 10 mM Mg 21 is added. Notably, the natively folded bacterial 30S ribosomal subunit is highly structured such that the 59 and 39 ends of their 16S rRNA component are only ,10 nm apart (41) , suggesting that under our experimental conditions, in both the absence and presence of Mg 21 , naked 16S rRNA may already have a similarly compact structure.
Dynamic properties of 16S rRNA as observed from calculated time constants of bead motion reveal that the 16S rRNA tethers behave more homogeneously at 0 mM Mg 21 than their similarly sized poly(U)-tethered counterparts (Fig. 5) . Additionally, plots of t adj, x-as a function of average x-,y-rms motion are virtually identical in 0 mM and 10 mM MgCl 2 (Fig. 5 d) , suggesting that 16S rRNA does not noticeably stiffen with the binding of divalent cations, in contrast to poly(U) mRNA. To further verify this conclusion, we examined energy profiles for particles tethered by 16S rRNA at 0 mM and 10 mM Mg 21 and found that, in general, the extracted spring constants are similar under both conditions. For example, spring constants obtained from the quadratic fit of the energy profiles for a representative 16S rRNA tether shown in Fig. 5 b are within error of each other at 0 mM and 10 mM Mg 21 , with 0.12 6 0.02 pN/mm and 0.11 6 0.02 pN/mm, respectively. Taken together, we infer from these data that the addition of divalent metal ions does not result in a significant decrease in the elasticity of the highly structured 16S rRNA; it is already quite stiff at low ionic strength in the absence of Mg 21 , most likely because of the presence of substantial secondary structure. (43)). Since the RNA molecules in our study are not stretched by constant force, it is not necessary to take into account the bending stiffness of the RNA on a short length scale, for which a worm-like chain model would be the better model. In fact, recent studies of the elastic properties of poly(U) mRNA in monovalent cations demonstrate that homopolymeric single-stranded RNA molecules are well described by a simple Gaussian model that includes polymer elasticity (44) . However, the two molecules at the focus of this study, 16S rRNA and poly(U) mRNA, exemplify distinct structural properties and differ greatly in their response to magnesium ions. We therefore have investigated the applicability of a statistical polymer model to both RNAs in the presence and absence of Mg 21 . For an ideal polymer in a Gaussian-chain conformation where the contour length is significantly longer than the persistence length (42, 45) , the rms end-to-end distance R scales as
where P is the persistence length, L the contour length of the RNA, and R 0 is the offset added by the attached bead. Whereas the persistence length for double-stranded DNA is 45-50 nm (38), it is ;50% larger for double-stranded RNA (;72 nm) (46), most likely because the RNA's 29 hydroxyl groups sterically hinder the flexibility of the helix backbone. By contrast, in the case of single-stranded (ss) nucleic acids ssRNA is more flexible, with a persistence length of ;0.8-0.9 nm (44, (47) (48) (49) , in comparison to ssDNA with a persistence length of ;1.5-3 nm (50,51). In our studies, the end-to-end distance R for the RNA tethers is proportional to the rms value for motion in the x-,ydimension, or r in polar coordinates. We use rms motion in the transverse plane for our analysis, since Mg 21 -induced differences in motion were more pronounced in-plane than out-of-plane. Each value of r, therefore, is defined as the projection of the end-to-end distance R for the RNA tether in the transverse plane: Fig. 6 shows a plot of R, calculated from the mean rms motion for each size range of poly(U) mRNA as well as 16S rRNA, as a function of average RNA length for both magnesium ion concentrations. The values of R for poly(U) mRNA are generally ;30 nm greater in the absence than in the presence of Mg 21 . Fitting these data with square root functions (Eq. 5, with an estimated offset R 0 of 75 nm) yields apparent persistence lengths of 0.35 6 0.06 nm and 0.12 6 0.05 nm in the absence and presence of Mg 21 , respectively, which is consistent with RNA compaction upon Mg 21 binding. For comparison, R-values predicted from the Gaussian chain model for our average RNA lengths N are also shown in Fig. 6 , calculated using P ¼ 0.855 nm (44) and L ¼ N 3 0.70 nm and L ¼ N 3 0.31 nm for extended (random coil) and more compact (helical) ssRNA conformers, respectively (38, 52) ; these values are thus predicted by the square root function in Eq. 5 for P ¼ 0.855 nm. Interestingly, although the R-values predicted by the simple polymer model are shorter than the measured mean particle motion, the difference between the two models (random coil versus helix) closely approximates the difference in R-values observed for poly(U) tethers in the presence and absence of Mg 21 , respectively. This is consistent with the idea that poly(U) mRNA is well modeled as a random coil in the absence and as a more compact, stiffer single strand in the presence of Mg 21 . The 280-nm radius of the attached bead adds to the R-values observed in our TPM measurements in the form of the offset R 0 ; R 0 is smaller than the bead radius due to the effective force imposed in the z-direction by the inability of the microsphere to penetrate the anchoring surface. We therefore conclude that Gaussian chain behavior is consistent with the dynamic properties of single-stranded poly(U) mRNA, both in the absence and presence of magnesium ions. In contrast, experimentally derived R-values for 16S rRNA in the presence and absence of magnesium ions (open shapes, Fig. 6 ) do not seem to follow the trend we expect for a Gaussian polymer chain. In fact, the experimental R-values found for 16S rRNA at 10 mM Mg 21 are slightly larger, not smaller, than the end-to-end distances in the absence of Mg 21 . This suggests that 16S rRNA is not particularly well described by simple polymer models, in both the absence and presence of divalent cations, most likely due to the complexity and stability of its secondary (and perhaps tertiary) structure even under our low ionic strength conditions (10 mM NaCl). ; where R 0 is the offset in the end-to-end distance of the polymer (R) due to the attached bead. R 0 offsets for the curves described by the closed circles (0 mM Mg 21 ) and closed triangles (10 mM Mg 21 ) were found to be ;75 nm. R-values calculated from persistence length (P) for a single-stranded RNA polymer and end-to-end distance for either an extended RNA chain (closed upsidedown triangles) or a single-stranded helix (closed squares) are also plotted as a function of polymer length and fit with dotted and dashed curves, respectively, using the equation described above (except that R 0 was set to zero). Open shapes represent experimental and predicted R-values for 16S rRNA.
DISCUSSION
Magnesium ions are indispensable to many cellular processes, due in part to the central roles they play in RNA structure and function. Magnesium exists predominantly as hexa-hydrated MgðH 2 OÞ 21 6 ions in solution, which localize nonspecifically to negatively charged pockets within an RNA tertiary structure and exchange rapidly with bulk solvent ions. In this work, we have introduced TPM as a method to study metal ion-induced compaction in single RNA molecules. TPM has an advantage over bulk solution methods such as small-angle x-ray scattering because molecules are observed individually via attached microspheres so that the behavior of RNA tethers may be assessed on an individual basis instead of as an ensemble average. TPM as a single molecule method has allowed us to assess the heterogeneity in the structural and dynamic behavior among a population of poly(U) messenger RNA molecules, as compared with their structurally better-defined and more homogeneous 16S ribosomal RNA counterparts. Two additional advantages of TPM over commonly used biophysical techniques are that only subnanomole amounts of RNA are required and that conformational changes can be detected in real-time on a length scale much larger than that accessible by single molecule FRET (,10 nm) (reviewed in (26) (27) (28) (29) ).
We note that two characteristic observations are associated with compaction of a TPM tether: shortening of the end-toend distance of the RNA, and stiffening of the RNA. We have assessed these properties by comparison of x-deviation as a function of time, mean x-,y-rms motion values, range of rms motion values, relaxation time constants, and elastic spring constants. Heterogeneity of the mean x-,y-rms motion values over the different poly(U) mRNA size groups resulted in large standard deviations (Table 2) ; therefore, we found the range of values more useful in comparing the overall endto-end distances for the different RNA size ranges. Individual mean x-,y-rms motion values did, however, prove a valuable parameter when comparing the degree of overall compaction between single tethers. Stiffness of the RNA molecules was best assessed by computing the spring constant of the tether. Since the viscous drag on the attached bead contributed to the extracted spring constants, the stiffness values obtained from this method were only used to compare the relative RNA stiffness. Spring constants extracted from quadratic fits of the energy profiles of the tethers produced low errors (between ;8% and ;18% of the value) and were thus effective in distinguishing subtle differences between tethers with similar mean x-,y-rms motion. Relaxation time constants were employed for assessing the relative ''compactness'' of a tether and were found to be affected by both end-to-end distance and stiffness of the RNA. Consequently, it was difficult to dissect the relative contributions of the two parameters to the measured time constants. In addition, the autocorrelation curves for the more compact tethers contain few data points before the function fully decays (Fig. 5) , making an accurate exponential fit difficult and perpetuating relatively large errors. In summary, we conclude that the endto-end distance of the tethers was most accurately assessed by the mean x-,y-rms motion values, and the stiffness of the RNA was best described by the spring constants extracted from the energy profiles of the beads.
Different roles for magnesium ions in folding of poly(U) mRNA and 16S rRNA: quantifying the impact on structure and dynamics 16S ribosomal RNA, which comprises the bulk of the small ribosomal subunit in bacteria, adopts a highly ordered compact scaffold stabilized by magnesium ions and the small subunit ribosomal proteins. Crystal structures of both 30S subunits (41, 53) and intact ribosomes (54-56) depict many specifically bound Mg 21 ions within the complex 16S rRNA fold. In general, large RNAs require magnesium ion binding to assume a correctly folded structure (8) (9) (10) (11) . The resulting aggregate magnesium ion dissociation constant in the Tetrahymena group I ribozyme, for example, is ;500 mM (57) . This concentration appears to be a general threshold for RNA tertiary structure formation, as it has been identified as the critical concentration of Mg 21 required for proper folding of other RNAs as well (e.g., (58, 59) ).
Distinct folding intermediates have been identified in large structured RNAs, such as the Tetrahymena group I and RNase P RNA ribozymes, in the presence of various magnesium ion concentrations, by both bulk solution and single molecule methods (12, 57, (60) (61) (62) . At the resolution of our TPM studies of 16S rRNA, however, no discrete steps were distinguished in x-, y-, or z-dimension bead motion as Mg 21 concentrations were sequentially increased by several orders of magnitude, starting at 1 mM (data not shown). We therefore conclude that the secondary structure of 16S rRNA is, at least at this resolution, largely formed in the presence of 10 mM monovalent cations in our buffer. This may explain why 16S rRNA behavior is much more homogeneous than that of our poly(U) mRNA tethers; most 16S rRNA molecules are likely folded into similarly compact conformations. The small differences in bead motion upon Mg 21 addition may then be due to slight rearrangements of helices and stabilization of specific tertiary contacts that occurs upon association with both specifically and nonspecifically bound Mg 21 ions (Fig. 7) . Homopolymeric RNA molecules such as polyuridylic acid, or poly(U), are thought to form partially ordered singlestranded helices (63) because the resulting base stacking is enthalpically favorable. However, single-stranded stacks are only moderately stable in solution, and for any given singlestranded RNA segment, an equilibrium exists between stacked helical and unstacked random coil conformations (64) . Solution conditions such as temperature, ionic strength, and pH can shift this equilibrium. In comparison to 16S rRNA, poly(U) is therefore generally quite unstructured in solution under low ionic strength conditions. Although hydrogen bonds and stacking interactions may form between distal regions of the polymer chain, these interactions are likely transient due to the absence of a defined surrounding network of hydrogen bonds to stabilize them or provide the basis for a cooperative folding pathway. Locally, however, stable U-U pairs may indeed form (for an example from a highly structured RNA see Theimer et al. (65) ), although a homopolymeric RNA molecule can of course form a tremendous number of such intrastrand interactions. Such a combination of ill-defined long-and short-range interactions is expected to give rise to an extremely diverse set of structures, providing a possible explanation for the heterogeneous behavior we observe in the degree of motion for microspheres tethered by single poly(U) mRNA molecules. Upon addition of 10 mM Mg 21 , we observe an overall compaction of the tether. Complementary studies performed at higher concentrations of monovalent cations (100 mM) resulted in a similar compaction of the poly(U) tethers as the addition of 10 mM Mg 21 , suggesting that the role of magnesium ions in compaction can be fulfilled by monovalent cations and that cation binding is thus nonspecific. Still, our studies indicate that Mg 21 -induced compaction may occur at a lower ionic strength (I ¼ 25 mM) than does compaction induced by monovalent cations (I ¼ 50 mM). It is known that, on average, ;0.49 Mg 21 ions are retained per phosphate in poly(U)-poly(A) A-form helices (10, 66) . We propose that this efficient charge neutralization by Mg 21 (or monovalents) stabilizes any transient intrastrand interactions so that a low-energy single-stranded A-form-like helical structure is assumed (38) that traps randomly formed regions of helical stacks into more compact conformations. This is summarized in Fig. 7 ; poly(U) is unstructured and flexible in the presence of low concentrations of monovalents and compacts substantially upon addition of 10 mM Mg 21 (or higher concentrations of monovalents).
Recent biomolecular packing calculations by Voss and Gerstein (67) have led to the realization that RNA structures are generally more densely packed than protein structures. However, these calculations did not include structurally illdefined RNA homopolymers such as poly(U). Our TPM studies demonstrate that Mg 21 induces a similar degree of compaction in 1.4-1.9 kb poly(U) mRNA as observed for the 1,542-nt 16S rRNA ( Table 2 ). We therefore propose that randomly structured RNAs can be tightly arranged in space in the presence of sufficient concentrations of divalent (or monovalent) cations, similar to ''globular'' structured RNAs. Spring constants extracted from energy profiles of such Mg 21 -compacted poly(U) tethers indicate that their rigidity is about equal to that measured for 16S rRNA in the presence of Mg 21 . From these data we infer a correlation between degree of RNA compactness and elasticity, where the end-toend distance of the RNA is inversely proportional to the spring constant.
CONCLUSIONS
We have established here TPM as a powerful method for the study of the structural and mechanical properties of large RNA molecules. Microspheres tethered by single 16S rRNA molecules, a highly structured RNA, showed relatively homogeneous behavior; the addition of Mg 21 induced only slight changes in overall rms motion and very little change in the relaxation time constants and spring constants. These findings are consistent with negligible changes in the 59-to-39 end distance and the flexibility of the 16S rRNA, implying that little structural change occurs upon addition of Mg 21 . We propose that the global secondary structure of 16S rRNA is already assumed in low concentrations of monovalents (10 mM); additional secondary and tertiary contacts may form upon binding of Mg 21 , but with little effect on the end-toend distance of the RNA. In contrast, we observe considerable heterogeneity over a population of poly(U) mRNA molecules, coupled with significant attenuation of tethered bead motion (a decrease of ;7.5-30% in mean rms motion over the entire size range of poly(U) mRNA) and a significant increase in spring constant upon addition of Mg 21 . This indicates that divalent cations induce a significant degree of compaction in poly(U) mRNA. Relaxation time and spring constants in the presence of divalents reveal that poly(U) mRNA also indicates that the RNA becomes stiffer after addition of 10 mM Mg 21 . We find that higher concentrations (100 mM) of monovalent cations induce similar compaction in poly(U) mRNA, indicating that cation binding is relatively nonspecific. Finally, we find that randomly structured RNA such as poly(U) mRNA, but not the highly structured 16S rRNA, may be accurately described in both its Mg 21 free and bound forms by a Gaussian polymer model derived from statistical physics. These findings exemplify the practicality and usefulness of TPM as a biophysical technique for the study of RNA conformation and dynamics.
